ABSTRACT: A novel SNP was discovered within the promoter region of alcohol dehydrogenase 1C , the C allele eliminating a potential binding site for the transcription factor C/EPBα. The purpose of this study was to examine if an interaction between this SNP and vitamin A restriction had an effect on carcass characteristics in beef cattle. Following backgrounding on a β-carotene-defi cient diet, 130 steers (50 TT, 50 CT, and 30 CC) were fi nished for 5 mo and received either no supplemental vitamin A (unsupplemented) or 750,000 IU/mo (supplemented). A subgroup of 5 steers•genotype −1 •treatment −1 was randomly selected for pre-and postfi nishing liver biopsies to assess vitamin A status and measure gene expression. Unsupplemented steers (Bos taurus) had signifi cantly greater (P < 0.05) marbling scores than supplemented steers. There was a signifi cant interaction between genotype and vitamin A supplementation on ether-extractable intramuscular fat (IMF). Within the unsupplemented treatment, TT steers had nearly 23% greater IMF than CC steers. Additionally, unsupplemented TT steers had over 24% greater IMF than supplemented TT steers. Expression of ADH1C in the liver was additive with each additional T allele, potentially due to the elimination of a possible binding site for C/EBPα. It is plausible that CC cattle have reduced ability to metabolize retinol to retinaldehyde (and subsequently retinoic acid) and that a phenotypic effect is only observed when vitamin A is limiting. Therefore, ADH1C c.-64T>C genotype, in combination with reduced vitamin A supplementation, could potentially be implemented in marker-assisted management to maximize marbling in fi nishing cattle.
INTRODUCTION
Recent studies have examined the impact of vitamin A restriction on production and carcass characteristics in beef cattle. Vitamin A restriction generally had no effect on ADG, DMI, or feed effi ciency (GorocicaBuenfi l et al., 2007 (GorocicaBuenfi l et al., , 2008 Cusack et al., 2008) . Longterm restriction is associated with increased marbling and intramuscular fat (IMF) concentration (Oka et al., 1998 (Oka et al., , 2004 Siebert et al., 2006; Gorocica-Buenfi l et al., 2007; Wang et al., 2007) . Serum retinol concentration is negatively correlated with marbling (Torii et al., 1996; Oka et al., 1998) .
Alcohol dehydrogenase 1 (ADH1) is the primary enzyme responsible for the oxidation of retinol to retinaldehyde in mice (Molotkov et al., 2002) . It can also function in the reverse direction, reducing retinaldehyde to retinol (Boleda et al., 1993) . Retinaldehyde is further oxidized to retinoic acid by retinaldehyde dehydrogenases (RALDH), primarily RADLH1 (Molotkov and Duester, 2003) .
Retinoic acid regulates gene expression by binding to nuclear receptor proteins, which then form complexes and bind to nuclear response elements (Repa et al., 1993) . Several genes involved in adipogenesis are infl uenced by retinoic acid and retinaldehyde (Ziouzenkova et al., 2007) . In vivo studies indicated that retinoic acid inhibits preadipocyte differentiation, but after differentiation it stimulates formation of mature adipocytes (Xue et al., 1996) . By contrast, retinaldehyde, the intermediate metabolite between retinol and retinoic acid, strongly inhibits adipogenesis (Ziouzenkova et al., 2007) .
The gross effects of supplemental vitamin A on marbling in beef cattle have been reported, but there are no reports of a genetic component to this phenomenon. We targeted ADH1C as a candidate gene because of its role in the retinol pathway. The purpose of this study was to examine the nutrigenetic interaction between ADH1C and vitamin A and the impact on carcass characteristics in beef steers.
MATERIALS AND METHODS
This experiment was performed in accordance with the Guide to the Care and Use of Experimental Animals (Canadian Council on Animal Care, 1993). All animal protocols were approved by the University of Saskatchewan Animal Care Committee.
Single Nucleotide Polymorphism Discovery and Genotyping
Primers to amplify all 9 exons as well as portions of the 5´ and 3´UTR (Table 1) were designed from the ADH1C reference sequence for Bos taurus (GenBank accession number NC_007304.4) using Primer3 software (Rozen and Skaletsky, 2000) . Fragments were amplifi ed by PCR from genomic DNA from 14 beef animals and sequenced by the Plant Biotechnology Institute (Saskatoon, SK). The sequences were aligned and SNP detected using Sequencher v. 4.9 (Genecodes, Ann Arbor, MI).
A PCR-RFLP was used to genotype animals at ADH1C c.-64T>C. The 20-μL PCR cocktail consisted of 0.2-pmol forward and reverse primers (Table 1 ; Integrated DNA Technologies, Coralville, IA), 0.2-mM dNTP (Fermentas, Burlington, ON), 10% Jeffrey's buffer (45 mM Tris HCl, 11 mM (NH 4 ) 2 SO 4 , 4.5 mM MgCl 2 , 6.7 μM β-2-mercaptoethanol, 4.5 mM EDTA, and 0.25 mM spermidine), and 0.5 units Taq polymerase (Fermentas, Burlington, ON). The following reaction was performed using a Robocycler Gradient 96 thermocycler (Stratagene, La Jolla, CA): 94°C for 4 min, 35 cycles of 1 min at 94°C, 50 s at 63°C, and 50 s at 72°C, and fi nally 3 min at 72°C. The 250-bp PCR product was digested for 5 h with BslI (New England Biolabs, Pickering, ON), which cleaved the C allele into 160-and 93-bp fragments. The fragments were separated via electrophoresis through a 2% agarose gel stained with ethidium bromide (Figure 1 ). 
Animals
An initial population of 450 black Angus-cross steers were purchased from a commercial auction market and transported to the University of Saskatchewan Beef Research facility (Saskatoon, SK, Canada) . Within 24 h after arrival, the animals were processed and a blood sample was collected from the jugular vein into 10-mL vacutainers containing EDTA (BD, Plymouth, UK) for DNA extraction (Montgomery and Sise, 1990) . The steers were not given hormonal implants. All of the steers were genotyped for ADH1C c.-64T>C, and 50 TT, 50 CT, and 30 CC steers were randomly selected for use in the feeding trial. The 130 steers were randomly allocated between 4 pens to obtain an even distribution of ADH1C c.-64T>C genotype and vitamin A treatment between pens. All steers were fed the same low-β-carotene backgrounding ration (Table 2 ) in order to deplete their liver vitamin A stores.
Feeding Trial
Following 3 mo of backgrounding, the 130 steers selected for the trial were sorted into 4 pens with an even distribution of genotypes between pens. All steers were fed the same diet, a standard barley-based fi nishing ration devoid of supplemental vitamin A ( Table 2 ). All feedstuffs were analyzed for β-carotene (provitamin A) content by DSM Nutritional Products, Inc. (Strathmore, AB, Canada).
The steers were divided evenly between 2 vitamin A treatments: supplemented (750,000 IU/mo) and unsupplemented (0 IU/mo). The vitamin A was in the form of 1,000,000 IU/g microencapsulated retinyl palmatate (Adisseo, Antony, France). The supplemented treatment was designed to approximate the NRC (1996) recommendation of 2,200 IU/kg DM for vitamin A supplementation. Gelatin capsules (Torpac, Fairield, NJ) were fi lled with either sugar (unsupplemented) or sugar plus 0.75 g retinyl palmatate (supplemented) and delivered orally once every 4 wk for the duration of fi nishing (a total of 5 times).
The steers were weighed monthly as well as at the start and end of fi nishing. Additionally, ultrasound measurements of backfat thickness and rib-eye area were taken at the beginning and end of fi nishing (Bergen et al., 1996) . Steers were slaughtered at a commercial abattoir in 3 groups over a period of 2 wk.
A subpopulation of 5 steers•genotype −1 •treatment −1 (n = 30) was randomly selected to obtain pre-and postfi nishing fat and liver biopsies. The steers were sedated with 0.1 mg/kg xylazine (Bayer, Toronto, ON), and intramuscularly with 1.5 ml/50 kg Anafen (ketoprofen; Merial, Baie D'Urfé, QC) for analgesia. Both biopsy sites were shaved and cleaned, and 6 mL 2% lidocaine (Bimeda MTC, Cambrigde, ON) was injected subcutaneously. A custom biopsy instrument (5-mm internal diameter) was used to obtain the liver biopsy, and an 8-mm biopsy punch was used to obtain a skin biopsy, from which subcutaneous fat was collected.
The fat biopsies were immediately preserved in Allprotect Tissue Reagent (QIAGEN, Toronto, ON, Canada), and a section of the liver biopsies in RNAlater (Ambion, Austin, TX), to preserve the RNA for extraction. The remaining portion of the liver biopsies were placed in 15-mL conical centrifuge tubes (Corning, Lowell, MA), preserved on ice, and protected from light. These were then analyzed for retinol content by the Diagnostic Center for Population and Animal Health at Michigan State University (E. Lansing, MI). Serum was collected in 10-mL Vacutainer tubes (BD, Plymouth, UK), stored on ice, and protected from light. Serum was analyzed for retinol concentration by Prairie Diagnostic Services (Saskatoon, SK, Canada).
Gene Expression
Fat and liver samples from each animal of the subpopulation (n = 30) were fl ash frozen with liquid nitrogen and ground with a mortar and pestle. The tissue was further disrupted by centrifugation through a QIAshredder Mini 2 Trace mineral salt. Contained 95% NaCl, 12,000 mg/kg Zn, 10,000 mg/kg Mn, 4,000 mg/kg Cu, 400 mg/kg I, 60 mg/kg Co, and 30 mg/kg Se.
Spin Column (QIAGEN, Toronto, ON, Canada). The RNA was extracted from liver with the RNeasy Mini Kit and from fat with the RNeasy Lipid Tissue Mini Kit (QIAGEN, Toronto, ON, Canada). The RNA concentration and quality (A260/A280 ratio) were analyzed using a NanoDrop 2000 spectrophotometer (Thermo Scientifi c, Wilmington, DE).
Total RNA was reverse transcribed to cDNA with the QuantiTect Reverse Transcription Kit (QIAGEN, Toronto, ON, Canada). The cDNA concentration and quality was assessed spectrophotometrically, and aliquots were diluted to 100 ng/μL. Fragments of ADH1C and FABP4 mRNA were amplifi ed from 1 liver and fat sample (Table 1) , electrophoresed though a 1% agarose gel, and extracted and purifi ed with a QIAquick Gel Extraction Kit (QIAGEN, Toronto, ON, Canada). The purifi ed fragments were quantifi ed spectrophotometically and aliquoted into 10× serial dilutions spanning 100 to 0.001 pg/μL.
Expression of ADH1C in liver and FABP4 in fat was quantifi ed in triplicate with qPCR using a standard curve over 5 points. Primers were designed using PrimerQuest software (Integrated DNA Technologies, Coralville, IA). The 20-μL PCR cocktail included 10-μL KAPA SYBR FAST qPCR Master Mix (2X) ABI Prism (Kapa biosystems, Woburn, MA) and 500 nM (FABP4) or 1,000 nM (ADH1C) forward and reverse primers ( Table  1 ). The following program was performed on a StepOne Plus Real-Time PCR System (Applied Biosystems, Carlsbad, CA): 10 min at 95°C, 40 cycles of 95°C for 15 s, and 58°C for 1 min, followed by a melt curve from 60 to 95°C at 0.3°C intervals. Results were analyzed using StepOne Plus Real-Time PCR System software (Applied Biosystems, Carlsbad, CA). Results are reported as copy number per nanogram of cDNA (Staroscik, 2004) .
Carcass Evaluation
All carcasses (n = 130) were evaluated for quality grade and yield grade at least 24 h after slaughter at the abattoir by a trained grader according to Canadian Beef Grading Agency standards. A 2.5-cm portion of the LM between the 12th and 13th rib was collected from each carcass and graded for marbling using the USDA 10-point scale.
The LM samples were trimmed of intermuscular fat, vacuum packaged, and stored at −20°C. The steaks were thawed slightly, sectioned into smaller pieces, and ground in a PowerPro food processor (Black and Decker, Towson, MD) until homogenized. Each sample was analyzed in duplicate for ether-extractable lipid content by method 960.39(a) of the AOAC (1990) . A 3-g sample was weighed, dried overnight, weighed, and extracted with petroleum ether (EMD, Gibbstown, NJ) for 6 h on a Goldfi sch Apparatus. The ether was allowed to evaporate overnight, and then the extracted fat was dried for 1 h at 105°C and then weighed. The IMF content was reported as the percentage of extracted fat of the LM (wet weight).
Statistical Analysis
All data were analyzed in a 2 (vitamin A) × 3 (genotype) factorial design using the mixed procedure (SAS Inst., Inc., Cary, NC). Individuals were used as the experimental unit. Liver and serum retinol were also analyzed by sampling time (start and end of fi nishing). The effects of pen and kill date were included in the model as covariates, but removed if not signifi cant. Marbling score and IMF were analyzed for correlation. Means were separated using Tukey's LSD. Results were considered signifi cant at P < 0.05 and a trend at P < 0.10.
RESULTS AND DISCUSSION

Serum and Liver Retinol
The interaction between vitamin A level and sampling time (start vs. end of fi nishing) had a signifi cant effect on both serum and liver vitamin A concentration (Table 3) . At the start of fi nishing, there was no difference in serum retinol concentration between either of the vitamin A treatments (Figure 2a ). This was anticipated because all steers had received the same β-carotene-defi cient backgrounding diet (Table 2) up to this point. Serum retinol concentrations were within the normal range of 25 to 60 μg/dL (Radostits et al., 2000) .
It is unclear why, at the start of fi nishing, the unsupplemented steers had signifi cantly greater liver retinol than the supplemented steers with 46.26 and 26.90 μg/g, respectively (Figure 2b ). The steers were randomly allocated to vitamin A treatment, and at the time of biopsy they had been housed in the same pen and fed the same diet. Although the values are different, they are both substantially less than the minimum normal threshold of 60 μg/g for liver retinol (Radostits et al., 2000) , indicating that the vitamin A stores of the steers had been depleted. This primed the animals to respond to the vitamin A treatments during fi nishing. Serum retinol increased signifi cantly by the end of fi nishing for both vitamin A treatments. Although the unsupplemented steers did not receive any supplemental vitamin A, the β-carotene present in the silage (Table 2) increased their vitamin A status. Liver retinol concentrations did not follow the same pattern. It increased numerically, but not signifi cantly (P = 0.12), in the supplemented steers but decreased (P = 0.0004) signifi cantly in the unsupplemented steers. It is possible that the unsupplemented steers received suffi cient vitamin A (through β-carotene) to maintain homeostasis but not enough to maintain liver stores. Although liver retinol stores continued to decrease, the serum concentrations remained within the normal range of 25 to 60 μg/dL (Radostits et al., 2000) , indicating that the animals were not at risk of developing clinical vitamin A defi ciency.
Serum retinol was signifi cantly (P = 0.0484) greater in supplemented steers at the end of fi nishing. This was also refl ected in the liver, where the supplemented steers had signifi cantly greater (P = 0.0044) retinol concentrations than the unsupplemented steers at the end of fi nishing. These results indicate that the treatments were successful in producing a difference in vitamin A status between the 2 treatments.
Production and Carcass Characteristics
Genotype, supplementation, and their interaction did not have a signifi cant effect on any of the growth traits measured (Table 4) . This is in agreement with several previous studies that have found no association between vitamin A supplementation and production traits such as feed intake, ADG, and fi nal BW (Pyatt et al., 2005; Gorocica-Buenfi l et al., 2008; Kruk et al., 2008; Arnett et al., 2009; Pickworth et al., 2009) . In studies where effects on production traits have been found, the differences were attributed to the steers in the lowest vitamin A treatments entering subclinical vitamin A defi ciency (Oka et al., 1998 (Oka et al., , 2004 Wang et al., 2007) . One of the fi rst signs of hypovitaminosis A in cattle is a reduction in DMI (Frey et al., 1947; NRC, 1987) , which explains the decrease in ADG and carcass weight observed in these studies.
Marbling score and IMF were highly correlated (P < 0.01, r 2 = 0.7233). This is supported by Savell et al. (1986) , who reported a signifi cant regression between USDA marbling score and IMF (r 2 = 0.7794). Marbling score was signifi cantly greater when steers did not receive supplemental vitamin A (P = 0.048), with marbling scores of 5.7 and 5.4, respectively, for the unsupplemented and supplemented treatments. Several other studies have also reported signifi cant increases in marbling score in cattle when vitamin A was restricted. Wang et al. (2007) found an inverse relationship between marbling and level of vitamin A supplementation. Pickworth et al. (2009) reported that steers fed no supplemental vitamin A had a greater proportion grading USDA Choice (Canada AAA) or above than steers receiving 3,750 IU/kg DM supplemental vitamin A.
There was no effect of genotype or genotype × supplementation interaction on marbling score; however, there was a signifi cant (P = 0.0011) effect of genotype × supplementation interaction for IMF (Table 4) . Within the unsupplemented treatment, steers of the TT genotype had 22.9% more IMF than CC steers (Figure 3) . Additionally, unsupplemented TT steers had 24.4% more IMF than supplemented TT steers. These differences indicated that unsupplemented TT steers on average would grade USDA Choice/Canada AAA compared with unsupplemented CC and supplemented TT steers, which both on average would grade USDA Select/Canada AA (Crews et al., 2010) . This could have a signifi cant impact on feedlot profi tability because higher grading carcasses receive a premium when marketed on a marbling grid (DiCostanzo and Dahlen, 2000) . 
Gene Expression
Genotype, vitamin A, and their interaction had no effect on FABP4 expression in subcutaneous adipose tissue, with P values of 0.9774, 0.6462, and 0.7878, respectively. Subcutaneous adipose tissue was examined because the size of the muscle biopsy necessary to obtain suffi cient mRNA from intramuscular adipose tissue was deemed too invasive. We chose FABP4 as a target because it is expressed in mature adipocytes (Urs et al., 2004; Pickworth et al., 2011) , and it has been associated with IMF in cattle (Michal et al., 2006) . We postulated that because the vitamin A pathway promotes adipogenesis through adipocyte maturation (Ziouzenkova et al., 2007; Smith et al., 2009 ) that there would be a greater proportion of mature adipocytes in the fat biopsies of the supplemented TT steers, which would be refl ected by greater expression of FABP4.
It is possible that no differences were seen in FABP4 expression because subcutaneous fat is an early depot for adipose accumulation (Cianzio et al., 1985) , and the time of sampling was too late to detect differences in adipocyte differentiation. It would be interesting to determine whether differences are detectable in intramuscular adipose tissue because it is the last fat depot to be formed in fi nishing (Cianzio et al., 1985) . There are confl icting reports in the literature in regards to FAPB4 expression in IMF and marbling. Wang et al. (2009) found greater expression in Wagyu × Hereford (high marbling) than Piedmontese × Hereford (lower marbling) cattle; however, Pickworth et al. (2011) found no difference between high-and low-IMF steers. Hepatic expression of ADH1C mRNA was signifi cantly greater in TT steers than in CC steers, with CT steers being intermediate (Table 5 ). The SNP is located within a potential binding site motif for the transcription factor C/EPBα (Chekmenev et al., 2005) . The C allele eliminates the motif, potentially reducing transcription of the gene, resulting in the observed reduction in mRNA abundance. In humans, C/EBP has been implicated in the regulation of class I ADH (i.e., ADH1) genes in the liver (Stewart et al., 1991) .
It is possible that reduced expression of ADH1C further translates into decreased abundance of the ADH1C enzyme in cattle with the C allele. When vitamin A is supplied in excess of minimum requirements, it is likely that steers of each genotype can adequately metabolize retinol to retinaldehyde (and subsequently retinoic acid). However, when retinol is limited, such as when vitamin A is not supplemented, it is possible that CC steers are not able to maintain the same level of conversion of retinol to retinaldehyde. This would also limit the production of retinoic acid.
Retinoic acid has been shown to be a potent stimulator of adipogenesis, whereas retinaldehyde has an antagonistic effect (Ziouzenkova et al., 2007) . It is likely that the effect of vitamin A restriction on IMF is a result of this mechanism. Greater abundance of unbound cellular retinol binding protein (apo-CRBP) promote mobilization of retinyl stores, maintaining retinoic acid biosynthesis (Napoli, 1996) . Additionally, the activity of RALDH1, which catalyzes the conversion of retinaldehyde to retinoic acid, increases 3-fold during vitamin A defi ciency (Napoli et al., 1995) . We therefore hypothesize that when retinol is limiting, retinoic acid concentrations are maintained at the expense of the intermediary retinaldehyde. In TT steers, the retinoic acid concentrations remain adequate to stimulate adipogenesis, and the decreased abundance of retinaldehyde reduce its inhibition of adipogenesis; the net result being an increase in IMF. In CC steers, there is insuffi cient retinoic acid to maximize stimulation of adipogenesis. Although inhibition by retinaldehyde is also reduced, the net result is no change in IMF, which is what was observed in this trial. Further study, including quantifi cation of retinaldehyde and retinoic acid, is required to confi rm this hypothesis.
Conclusions
Restricting vitamin A supplementation in fi nishing diets resulted in signifi cantly greater marbling scores and IMF. The TT genotype of ADH1C c.-64T>C is associated with greater IMF than the CC genotype when vitamin A is limiting. This nutrigenetic interaction could be used in marker-assisted management to maximize marbling in feedlot steers. 
